The effects of a diet of 85% casein on the activities of the phenylalanine hydroxylases of rat liver and kidney have been compared. Whereas only the tetrahydrobiopterin-dependent activity of rat hepatic phenylalanine hydroxylase is significantly stimulated, both the tetrahydrobiopterin-dependent and the dimethyltetrahydropterin-dependent activities of the renal enzyme are significantly decreased, after five days of feeding a casein diet. The animals fed a high protein diet for seven days have an increased rate of phenylalanine catabolism in vivo, which is also reflected in increased flux of label from phenylalanine into glucose. The regulation of phenylalanine metabolism, under these conditions, is discussed.
Introduction
Phenylalanine hydroxylase (L-phenylalanine, tetrahydropteridine: oxygen oxidoreductase (4-hydroxylating; EC 1.14.16.1) catalyses the first and rate-limiting step in intracellular phenylalanine catabolism in mammals (1) . This enzyme is expressed only in liver and kidney (2) , with some 20% of the total activity being associated with the latter organ (3) . The naturally occurring cofactor has been identified as tetrahydrobiopterin (4) . In addition, several synthetic pterins have been prepared, such as dimethyltetrahydropterin, which have higher cofactor activity (5) . This enzyme is defective in the genetic disease, phenylketonuria (for a review see ref. 6 ).
The tetrahydrobiopterin-dependent activity of phenylalanine hydroxylase isolated from rat liver can be stimulated by covalent phosphorylation in vitro (7, 8) . This activation is not seen with dimethyltetrahydropterin as cofactor. The tetrahydrobiopterin-dependent activity together with the state of phosphorylation of this enzyme can be stimulated in vivo in response to (a) glucagon (9, 10) ; and (b) high protein diet (10, 11) . It has been shown that protein feeding promotes glucagon release in rats (12, 13) .
By contrast with the hepatic enzyme relatively little is known about the regulation of renal phenylalanine hydroxylase in vivo. From the properties of purified kidney enzyme it has been concluded that the enzymes from rat kidney and liver are in different states of activation and may be regulated in different ways (3); the renal enzyme behaving as a relatively more activated species.
We have chosen to further study the regulation of phenylalanine hydroxylases in rats fed high protein diet (10, 11) . In particular we wished to: (a) further define the dietary regimen required to affect the enzyme activi ties; (b) examine the effects of high protein diet on the renal enzyme and (c) monitor phenylalanine catabolism in vivo, including gluconeogenesis from phenylalanine, in such animals.
Material and Methods

Animals
Male Sprague-Dawley rats (Northwestern Laboratories, Ballina, Ireland), weighing 150 -200 g, were used throughout. They were fed (ad libitum) our prepared diets having between (15% w/w) and 85% protein content (Table 1) . Protein (vitamin-free casein) and glucose were interchanged to arrive at intermediate protein contents having equivalent calorific values that were consumed at similar rates. Marfleet, Hull, U . K . 6) All the components of the diets were mixed together and fed as a slightly oily powder (11) .
Chemicals
Phenylalanine, tyrosine and all other reagents (of analytical grade) were obtained from BDH, Poole, U. K. Aldrich Chemical Company Ltd., supplied the dimethyltetrahydropterin and Cambridge Scientific, Cambridge, U. K . was the source of biopterin, which was catalytically reduced as previously described (9) . Tetrahydrobiopterin was also obtained from Dr. B. Schircks Laboratories, Jona, Switzerland. All radiolabelled compounds were from Amersham International, Amersham , U. K. [2,3 ,4,5,6-3 H] Phenylalanine and [U-14 C] phenylalanine were purified (14) by column chromatography using Aminex Q-15S (Bio-Rad Laboratories, Watford, U. K .); lyophilized and redissolved in 10 mM ammonium acetate, pH 5.3 , immedia tely prior to use.
Enzyme and other assays
Phenylalanine hydroxylase activities in vitro and protein concentrations, in crude liver extracts, were determined as previously described (9) . Phenylalanine hydroxylase activities in vivo were determined by monitoring the accumulation of tritiated water in plasma following the administration of [2, 3, 4, 5, 6 ,-3H] phenylalanine (15) . A si ngle intraperitoneal injection of label (without further addition of phenylalanine; specific radioactivity, 130 Ci/mmol) was administered to groups of animals at a dose of 10 !lCi/200 g body wt., Pteridines ! Vo l. 1 / 1989 ! 0. 4 Carty et at.: Protein diet and phenylalanine hydroxylase between 15 and 30 min prior to killing by decapitation. Blood samples were collected into vessels containing 1 mg heparin and 2 mg disodium EDTA. Also, in order to monitor gluconeogenesis from phenylala nine, following the intraperitoneal injection of L-[U-14C] phenylalanine (504 mCi/mmol), at a dosage of 3 !lCi/200 g body wt., the formation of plasma [14C] glucose from L_[U_ 14 C] phenylalanine was determined (16) . The specific radioactivities of labelled phenylalanine in liver extracts were determined (17) , by extracting and quantitating ~-phenylethylamine produced from phenylalanine following quantitative enzymatic decarboxylation.
Phenylalanine (18) and tyrosine (19) were assayed fluorimetrically. Plasma glucagon levels were quantitated by radioimmunoassay (20) . Student's t test was used to statistically evaluate all data, which are expressed as means ± S. E . M.
Results and Discussion
Optimum dietary regimen
When rats were fed a diet contammg 85% casein , maximal stimulation of tetrahydrobiopterin-dependent activity of the liver phenylalanine hydroxylase and maximal decrease in the activities of the kidney enzyme, with natural and synthetic cofactors, were achieved after five to seven days (Fig. 1) . There was no significant affect on the dimethyltetrahydropterindependent activity of the hepatic enzyme at any stage (11), indicating no change in the amount of that enzyme. A minimum dietary protein content of about 65% was required for these effects to be mediated (data not shown). Thus, a high protein diet has differential effects on the liver and kidney phenylalanine hydroxylases. It is notable that the decrease in the tetrahydrobiopterin-dependent activity of the renal enzyme is not effected immediately (Fig. 1) , which suggests that the relative activation of this enzyme is transiently enhanced as a result of this change of diet. It should also be noted that the high protein diets did not cause any significant changes in the tissue weights during the course of these experiments.
Plasma levels of glucagon were significantly elevated after five days of feeding high protein diet (214 ± 2 pg/ml versus 80 ± 7 pg/ml for controls; P < 0.001).
We have previously shown (10) that the phosphate content of the liver enzyme from such animals is significantly higher than that of controls. Thus, in these animals the elevation in the state of phosphorylation of the hepatic hydroxylase together with its stimulated tetrahydrobiopterin-dependent activity is mediated by glucagon via cyclic AMP (9) . There is ~ E
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------1- one standard error of the mean; P values versus the corresponding controls arc indicated by asterisks: *, P < 0.05; ** , P < 0.025; *** , P < 0.005: ****. P < 0.001. no significant change in the amount of liver hydroxylase in these animals (11), based on the specific activities with dimethyltetrahydropteridine and on immunotitration data (not shown). In a separate experiment, we have observed a 2.6-fold Increase (P < 0.001) in the tetrahydrobiopterin-dependent specific activity after 8 days of feeding 85% casein. The return of the activity towards control values can be explained on the basis of a decline in plasma glucagon concentrations (21) .
The factor(s) responsible for the decrease in the levels of the already, relatively, activated (3) kidney enzyme have not been identified. Indeed, in contrast with the liver (12) the effects of such a diet on metabolism in the kidney have not been fully established. In the rats fed the high protein diet for 7 or 8 days, the kidney activity as a proportion of the overall phenylalanine hydroxylating capability of these animals drops significantly from a control value of approx. 15% (3) to approx . 8%, i. e. based on the total tetrahydrobiopterin-dependent activities.
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Phenylalanine catabolism in vivo
Because of the likely complications due to activation of phenylalanine hydroxylase by phenylalanine (22, 23) we did not inject any additional carrier phenylalanine with the [ring-3H] phenylalanine (15) in order to assay phenylalanine catabolism in rats in vivo. It can be seen ( Table 2 ) that the accumulation of plasma 3H 2 0 in control rats was significantly lower than that observed when carrier phenylalanine had been injected (15) , where activation by phenylalanine would be expected (24) . The release of 3H 2 0 in rats fed a 85% protein diet for one week was stimulated (approx. 2.5-fold), by comparison with the control animals, and in addition was distinctly non-linear at the later time points (Table 2 ). In these animals the tetrahydrobiopterin-dependent activity assayed in vitro had been stimulated 196% (1.57 nmol min-1 mg-1 versus 0.8 nmol min I mg-1 in controls). Any calculation of the extent of stimulation in vivo requires a slight upward adjustment for the (approx. 30%) lower specific radioactivity of [3H] phenylalanine in the rats fed a high protein diet (data not shown). Nevertheless, under conditions where stimulated hepatic phenylalanine hydroxylase activities were observed in vitro there also was elevated phenylalanine catabolism in vivo . The specific radioactivity of hepatic phenylalanine in the rats fed the high protein diet was 2.7 ± 0.4 cpm/ nmol versus 5.1 ± 0.9 cpmnmol for the control livers. In these studies the proportion of phenylalanine used for gluconeogenesis increased from 2% to 4%. We have found no evidence of any significant alterations in blood glucose levels in these animals (9 -11) . Our data are consistent with the enhanced gluconeogenesis which occurs in liver of high protein-fed animals (13) . Thus, activation of hepatic phenylalanine hydroxylase by covalent phosphorylation (9 -11) , is a metabolically significant mechanism of regulating phenylalanine catabolism and this evidence points to a significant contribution by the liver enzyme to gluconeogenesis, in the rat.
In conclusion, rats already capable of catabolism of phenylalanine at a substantial rate (15, 24) , possesses mechanisms whereby this rate can be stimulated further either in the short-term e. g. by glucagon (9), in diabetes (11, 25, 26) , or over a longer term e. g. upon feeding a high protein, low carbohydrate diet. However, at least in the case of animals fed high protein diet, the liver and kidney phenylalanine hydroxylases are subject to differential regulation. Further studies are required to elucidate the mechanism(s) involved in the regulation of the activities of the renal enzyme, including an exploration of the differential response as seen with tetrahydrobiopterin and dimethyl tetrahydropterin.
